An efficient protocol is presented to compensate for the basis set superposition error (BSSE) in DFT molecular dynamics (MD) simulations using localized Gaussian basis sets. We propose a classical correction term that can be added a posteriori to account for BSSE. It is tested to what extension this term will improve radial distribution functions (RDFs). The proposed term is pairwise between certain atoms in different molecules and was calibrated by fitting reference BSSE data points computed with the counterpoise method. It is verified that the proposed exponential decaying functional form of the model is valid. This work focuses on hydrogen-bonded liquids, i.e. methanol, and more specific on the intermolecular hydrogen bond, but in principle the method is generally applicable on any type of interaction where BSSE is significant. We evaluated the relative importance of the Grimme-dispersion versus BSSE and found that they are of the same order of magnitude, but with an opposite sign.
I. INTRODUCTION
A radial distribution function (RDF) is the elementary tool used to extract the structural information from computer simulations of molecular liquids. 1 The RDF g(r) of a fluid describes how the liquid density varies as a function of the distance from a reference molecule.
It reflects the correlations in the distribution of the molecules of the fluid arising from the forces they exert on each other. The RDF is a measure for the probability to find an atom pair separated by a distance r, relative to the probability one would expect for a uniform distribution at the same density.
In this work the RDFs of liquids are studied with the help of molecular dynamics (MD)
simulations, based on density functional theory (DFT). 2, 3 We focus on a specific category of molecules which interact with each other by means of weak covalent interactions. A wellknown example of this type of bonding is the hydrogen bond, which occurs in e.g. water, methanol or ethanol. In this study, we concentrate on methanol in its liquid form. Methanol is widely used in chemical industry, as a solvent or fuel. It is the smallest alcohol consisting of a hydrogen-bonding hydroxyl group and a hydrophobic methyl group. The characteristic alcohol group allows methanol to form hydrogen bonds that dominate the structural and dynamical behaviour of the liquid phase. Because of the hydrogen bonding, the O-H bonds are elongated 4, 5 in the liquid phase with respect to the gas phase.
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The liquid phase of methanol is extensively studied. The RDFs of methanol have been determined experimentally [8] [9] [10] [11] and have been computed by means of full ab initio MD, 5, [12] [13] [14] [15] mixed empirical and ab initio interactions 16, 17 and force-fields. [18] [19] [20] [21] [22] [23] [24] [25] [26] Often, the first intermolecular peak in the RDF of methanol as well of water is overestimated compared to experiment. 12, 13, [15] [16] [17] [23] [24] [25] [27] [28] [29] [30] The search for plausible explanations of this quasi systematic overestimation forms the onset of a long debate, but until now it is not yet unraveled and what suits for one particular case does not suit for another case. When computing RDFs from molecular simulations based on first principles (e.g. DFT), several parameters may affect the final result: system-size effects, 13, 29, 31 basis set superposition error (BSSE), dispersion interaction, differences in exchange-correlation functional, [31] [32] [33] differences in basis sets, 31 nuclear quantum effects, etc. Unfortunately, it is not yet clear what the net impact really is from each ingredient on the RDF, and in most cases the corrections work in opposite sense. It means that there is some compensation effect: if we correct the RDF for one miss-ing ingredient, it can be canceled by another. This implies that one should be very careful when correcting for one specific item. It can happen that the final result could be worse and thus it is very important to get detailed insight into the various factors contributing to the overall result of the RDF.
(i) Nuclear quantum effects in liquid water are commonly investigated by methods based on Feynman's path-integral molecular dynamics simulations to calculate finitetemperature equilibrium properties. It is well known that quantum effects become more significant in the intramolecular region. Quantum statistical mechanical simulations are able to reproduce a quantitative agreement with experiment for the heights and broadening of the intramolecular O-H and H-H peaks in liquid water. 34 A general feature is that nuclear quantum effects make the structure of the liquid water softer. [35] [36] [37] [38] [39] [40] One notices a broadening and lowering of the RDF compared to the distribution generated from classical molecular dynamics simulations. 34, [41] [42] [43] An alternative is the Car-Parrinello molecular dynamics method, 44 which is based on the description of the intermolecular interactions at the density functional level of theory. The success of CMPD simulations in water depends how accurate the density based functional describes the Born-Oppenheimer potential energy surface for the description of the hydrogen bond.
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(ii) The choice of the exchange-correlation functional does affect the density of the liquid and the radial distribution function. There is a tendency that BLYP produces weaker hydrogen bonds (underbinding) than PBE (overbinding). 27 The global performance of a specific functional cannot be assessed without taking into account the dispersion interaction. Therefore, a quantification of each effect separately is recommended to better understand the global atomic and molecular interactions.
(iii) Dispersion interactions are indispensable to predict correct densities and RDFs, but many models exist to describe them and it is not always clear what impact these differences have on the RDFs. Most models work with empirical pairwise interatomic potentials of the C 6 R −6 form with damping terms, which can differ from model to model. [45] [46] [47] [48] In DFT-D3 of Grimme 47 the empiricism of the model has been largely removed by fitting as much as possible on first principles derived properties. In addition eight-order terms have been added, as well as a three-body correction. In general, more and more molecular dispersion interactions have been proposed in the literature determined from ab initio electronic structure calculations and in this way largely reducing the empirical input. 49, 50 Their overall effect is that they push the density in the correct direction, but -depending on the individual cases -the RDFs remain overstructured.
This work focuses on the role of BSSE on the RDFs. Most of the published work on this item focused on the impact of dispersion on the radial distribution functions, and as already reported they represent a significant step toward experimental agreement, 27, 28 although some discrepancies remain. As most of the simulations have been applied to liquid water, one should be very careful to extrapolate their conclusions to methanol. A combined study of the RDFs in methanol taking into account the two main effects influencing the interatomic potential : BSSE + dispersion , is indispensable in the attempt to reproduce correctly the RDF of methanol.
The BSSE results from the approximation of using a limited number of localized basis functions to describe atomic and molecular orbitals. When two molecules are far apart, they can only use their own basis functions. But when they approach each other, they may lower their energy by using each other's basis functions. This causes an artificial strengthening of the intermolecular interactions and artificial shortening of intermolecular distances due to the overlap between basis functions. The effect is more pronounced for smaller basis sets.
Note that BSSE does not occur with plane wave basis sets as they are not associated with any particular atom.
The BSSE is especially prominent in systems with intermolecular hydrogen-bonds, [51] [52] [53] [54] [55] [56] [57] and is thus expected to influence the RDF of methanol. It has been shown that the calculation of the BSSE corrections can change their potential energy curves and surfaces, [58] [59] [60] [61] [62] and can alter the bond distances. 58, 60, 61, 63, 64 It is well known that BSSE can be a significant fraction of the binding energy of the water dimer, which could affect liquid simulations.
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Simon et al. analyze the effect of BSSE on the geometries and vibrational frequencies of 15 H-bonded systems at the B3LYP and MP2 levels of theory, using the 6-31++G(d,p) basis set. 53 It is shown that the intermolecular H-bond distance increases when correcting for BSSE, whereas the intermolecular H-bond stretching frequency decreases, and that the observed changes depend on the level of theory. In the following section, the technical details of the quantum MD simulations and the computational methodology to calculate the RDF and BSSE are given. Section III introduces the new BSSE correction model, i.e. its mathematical form and the calibration of the parameters. Section IV presents the results, which are further discussed in section V. In the last section the most relevant conclusions -in view of future work -are drawn.
II. COMPUTATIONAL DETAILS

A. Ab initio MD
In this work, all molecular dynamics calculations were performed with the CP2K code.
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For the ab initio MD, the Quickstep module of CP2K 67 was used, employing the hybrid Gaussian and plane-wave (GPW) density functional method with a BLYP gradient-corrected functional. 68, 69 The dual GPW basis set consisted of a triple zeta TZVP Gaussian type orbital basis for the real space representation and an auxiliary plane wave basis expanded to a 400 Ry cut-off to compute the long-range periodic electrostatic interactions in the reciprocal space. 70 The core electron states are represented by the norm conserving Goedecker-TeterHutter (GTH) pseudopotential. 31, 71, 72 The BLYP functional was chosen because of its good description of the structure and dynamics of water 32 where hydrogen bonds are, as in liquid methanol, the dominant interactions. Furthermore, it has been shown that the BLYP functional gives a proper description of solvation of methanol in water.
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For the ab initio MD simulations that include the correction for the BSSE with the forcefield energy terms, we used FIST, the molecular mechanics (MM) module of CP2K. Periodic boundary conditions were employed using the minimum image convention. At each timestep the total energy is computed as the sum of the ab initio energy and the energy calculated by the classical correction term.
Standard DFT approaches do not account for dispersion interactions. 74, 75 Dispersion is a long-range van der Waals interaction between electron clouds arising from instantaneous transition dipoles. These dispersion interactions are a quantum-mechanical electron correlation effect that is completely absent when considering classical charge distributions. To test the effects of dispersion on the fluid structure of methanol, we also performed MD simulations with dispersion-corrected DFT using the DFT-D3 scheme of Grimme for the BLYP functional. [45] [46] [47] 76 The combination of the two corrections for the BSSE and dispersion then provides us four different potential energy surfaces: no corrections (DFT), corrected for ensemble. 77 The Verlet integrator was used with an integration time step of 1 fs.
B. The radial distribution function
The radial distribution function is defined as
and represents the number of particle pairs dn(r) in the spherical shell with radius r and r + dr, with r the interparticle distance (relative coordinate), relative to the number of particle pairs dn 0 (r), obtained in an uncorrelated ideal gas. With ρ 0 as the density of particles in the ideal gas case, dn 0 (r) may be expressed as ρ 0 4πr 2 dr.
In practice, the space around a given atom is discretized in concentric spherical shells with width δr. The number of atoms n i in each shell with finite volume δV shell,i is counted:
A histogram of the n i values is built during the MD run and g(r i ) is approximated as
C. Counterpoise correction
In this section we describe a method to correct for BSSE in computations with localized basis sets that are centered at the nuclei. Atom-centered basis sets have a number of advantages. The most important one is that with relatively few basis functions one is able to describe the molecular orbitals to high accuracy. Such basis sets cannot be systematically enlarged in a simple way and the severity of the problem is proportional to the incompleteness of the basis sets.
From the suggested methods to correct for BSSE, 78-83 the most widely used approach is the counterpoise method of Boys and Bernardi. 83 The uncorrected interaction energy of a complex AB can be defined as:
where the superscripts denote the basis used and the symbol in parentheses denotes the chemical system considered. Boys and Bernardi suggested to correct Eq.(3) by estimating the amount of artificial stabilization for monomer A as the energy shift caused by a change of basis A → AB,: The CP-correction is then defined as:
When the estimated errors E BSSE (A) and E BSSE (B) are subtracted from the uncorrected interaction energy, we obtain the counterpoise-corrected interaction energy,
In this derivation we have assumed that the geometries of monomers A and B do not change as they approach each other and form the bimolecular complex.
The CP-computations are carried out on pairs of methanol molecules. These pairs are selected from snapshots created during the MD run. For the CP-computations the same specifications (CP2K software package, basis set, electronic structure method, ...) were used as those of the MD simulations of the methanol fluid. To accelerate convergence in the CP-computations of the pairs, the box size is decreased from 20.58Å (in the MD run) to 10.0Å.
III. DERIVATION OF THE CP FORCE-FIELD CORRECTION MODEL A. Model
For the CP force field correction term, we consider a pairwise model between certain atoms in two different molecules. Because the BSSE converges by definition to zero at large distances, an exponential decaying model is proposed. The electron density of a molecule in vacuum exhibits an exponential decay. BSSE follows the same trend as the overlap of the electron density of two molecules and also decays exponentially. The goal of the correction term is to account for the artificial BSSE-stabilization, which may be responsible for the overestimation of the first intermolecular peak of the RDF. Therefore, the CP-model has to be repulsive.
We consider an intermolecular pairwise CP-correction model. To reduce the number of parameters, atom types are introduced. With each pair of atom types t, a unique set of parameters (A t , B t ) is associated:
where r ij is the distance between the atoms i and j, M ν is a set of atomic indices of molecule ν, µ and ν are molecule indexes and N is the total number of molecules. An example of an intermolecular pair of atom types t is the pair O-H m , consisting of the methyl hydrogen of monomer 1 (methanol molecule 1) and the oxygen of monomer 2 (methanol molecule 2).
For liquid methanol, M ν = 6 ∀ ν, and N = 129 in our MD simulations.
The model is not to be confused with the functional form as it was introduced by Feller 84 to extrapolate energies, as well as properties, to the complete basis set (CBS) limit. [85] [86] [87] [88] In this work, the parameters of the proposed model (i.e. A t(ij) and B t(ij) ) are fitted to reference data, which will be further explained below, and validated by comparing calculated RDFs with experiment.
B. Parameter calibration
To calibrate the parameters of the model (Eq. (7) Specifically, we make use of the submodule MFit2, which can be used to combine several types of calibration schemes for valence force fields.
In this work, the parameters are optimized with a non-linear least-squares fitting procedure based on the Levenberg-Marquardt algorithm. 
IV. RESULTS
In this section, the intermolecular RDFs computed from MD runs with and without CPcorrection are presented. The relevant RDFs between oxygen and the different types of hydrogen as well the intermolecular hydrogen radial distributions, are discussed in the main manuscript; all other RDFs are given in the Supporting Information (S.I.). (the longest intermolecular O-H t distance).
A. RDFs without correction
The RDFs are first computed without correcting for BSSE. Fig. 2 shows the results for MD runs with and without dispersion correction. Inspection of Fig. 2 peaks are positioned at too large distances, and that (iii) the radial distribution is slightly overstructured. The inclusion of dispersion does not improve the correspondence with experiment. The absolute and relative characteristic differences in RDFs are numerically reported in Table I .
As can be seen from Fig. 2 , the intermolecular peaks of the RDFs involving the hydroxyl hydrogen H t are overestimated, while those with the methyl hydrogen H m are not. This immediately suggests that a distinction between H t and H m should be made when the parameters (A t , B t ) of the CP-correction model are fitted.
The deficiency encountered in the position of the first peak, in particular in the O-H t RDF, will be discussed later. 
B. Energy scan of two methanol monomers
To gain more insight in the pairwise interatomic interaction and to disentangle the contributions of dispersion and BSSE on the total interaction energy, an energy scan is performed of a complex, consisting of two methanol monomers, as a function of the intermolecular separation O-H short t distance to construct the potential energy surface (PES). First, the geometry of the two methanol molecules is optimized in the gasphase with CP2K, to form a stable dimer at a hydrogen bond distance of about 1.9Å. Next, the O-H short t distance is gradually varied with a constrained geometry optimization with a step size of 0.1Å ranging from 0.6Å to 4.5Å to obtain the energy scan in Fig. 3 . The residual fluctuations that are visible in the curves are due to the well known egg-box effect. [94] [95] [96] The same computational settings are used for the scan as for the MD runs (section II A) for consistency. This energy scan has been performed in four cases: with and without dispersion and with and without CP correction. The goal of this scan is threefold: (i) to study the interaction between two methanol molecules in more detail, (ii) to validate the proposed exponential model for the BSSE, (iii) to assess the relative importance of BSSE versus dispersion interaction. In Fig. 3 the total energy of the dimer E AB is plotted against the O-H short t distance. All energies are relative with respect to the DFT binding energy of two isolated methanol monomers.
Inclusion of the D3 dispersion correction causes a slight shift to a smaller equilibrium distance. In contrast, BSSE, by means of the CP-correction term, creates the opposite effect on the equilibrium distance, but makes the potential some 3 kJ/mol less attractive.
To get more insight into the relative importance of the CP correction terms versus the total dispersion energy of the dimer, both energy contributions are plotted in Fig. 4 . Since the optimized energy for both monomers is not substracted, the dispersion curve converges to However, many plots as in Fig. 4 , etc.) and construct a potential energy scan following the same procedure as done in Fig. 4 . Hence, for each pair of atom type t, one could construct a different set of (A t , B t ) parameters. There is no reason why a particular parameter set is preferable to another. Moreover, there exist multiple dimer configurations with different spatial orientations of the methanol molecules and several paths to separate the two molecules from each other in the constrained geometry optimization.
In the scans, performed in this work, only one single path is taken into consideration. It is obvious that this does not lead to a systematic way to derive the parameters. To remedy these shortcomings of the individual potential energy scans, it should be better to set up a fitting procedure that utilizes data from MD, allowing many possible orientations. This latter procedure provides a more statistically averaged result.
C. CP correction as a function of various O-H distances
In order to set up a fitting protocol which is based on MD, we make use of the data set of 3850 pairs of methanol molecules, obtained as described in section III B. as defined in Fig. 1 . For each specific pair of atom types t, we can construct an approximate model for the CP-correction:
Eq. (8) is a special case of the general model expressed in Eq. (7): only one molecular pair is present and only one kind of interaction is considered. A straight line can be fitted to the logarithmic plots in Fig. 5 . With each linear fit, the corresponding Pearson R 2 -value can be evaluated as a measure of correlation between the CP-energies and the oxygen-hydrogen (Fig. 5(c) ). Therefore, this specific interaction is left out of the final fitting procedure. So finally we are going to take two terms into 
The parameters A O-Ht and B O-Ht are no longer determined by a linear fitting procedure due to the appearance of a non-linear term in the expression of ln{E mod CP (µ, ν)}. We apply an in-house developed fitting procedure FFit2 91 (section III B). The results are shown in Table   III and are deduced from the DFT-D3 MD data set. As initial values for the parameters we have taken A=1 kJ/mol and B=1Å −1 which are reasonable initial values. 
E. RDFs with correction
V. DISCUSSION
A first conclusion from the energy scan of the two methanol monomers (Figs. 3 and 4) is that the BSSE and dispersion interaction are almost equal in strength but opposite in sign.
Dispersion is attractive and converges very slowly at large distances. At an O-H t distance of 4.5Å the dispersion energy still accounts for −11 kJ/mol and the slow increase of the dispersion curve (Fig. 4) demonstrates manifestly its long-range behavior. The CP-energy correction is repulsive and compensates partially the dispersion at short distances. The strongest effects of BSSE are noticed at distances shorter then 2.5Å, and rapidly decays exponentially to about 1 kJ/mol at intermediate distances (3 -3.5Å), the structure of the RDFs at intermediate and long-range will be mainly determined by the dispersion. This is confirmed by the various RDF curves displayed in Figs. 2 and 6.
The most pronounced effect is the ability of the CP model to reduce the amplitude of the first peak to values which are comparable to experimental predictions (Table IV) The importance of dispersion interactions in predicting structural and dynamical properties of liquid water is also demonstrated by Lin et al. 28 In this study both dispersion-corrected atom-centered potentials, 48 as well as empirical DFT-D1 Grimme corrections, 45 are used as two pragmatic ways to describe dispersion interactions in BLYP ab initio molecular dynamics simulations. They found an improved agreement of the RDFs with experiment, but significant deviations still persist.
Oxygen-oxygen and oxygen-hydrogen radial distribution functions for liquid water apparently improve when taking into account dispersion interactions. From our MD-BLYP calulations, we conclude that the effect of dispersion in a methanol liquid is less significant.
The BSSE corrections turn out to be much more important for a correct description of the height of the first peak in the O-H t and H t -H t RDFs. The deviation with experiment is largely reduced to respectively 0.4% and 1% from the experimental value (Table IV) . These very small differences can be resolved by noting that the experimental RDF is only extracted The position of the first peak in the O-H t and H t -H t RDFs is still overestimated with or without BSSE and/or dispersion correction (Table V) 
VI. CONCLUSION AND PERSPECTIVES
The radial distribution function gives the probability of finding a pair of molecules at a distance r apart, relative to the expected probability for a completely random distribution at the same density. In DFT MD, using localized basis sets, the first intermolecular peak of the RDF of a liquid is often overestimated. In this paper it was investigated for liquid methanol to what extent this error is caused by the BSSE, which follows from the use of finite basis sets in quantum chemical calculations.
The relative importance of BSSE versus the dispersion interaction (DFT-D3) was assessed. The dispersion energy is of the same order of magnitude as the BSSE, but has an opposite sign.
Combinations of the two types of corrections -a correction term for BSSE and dispersion -leads to three types of DFT MD simulations that were carried out. For the simulations with and without dispersion, without correction for BSSE, errors on the first peak height of the RDFs between 12% and 16% were found. A classical correction model for BSSE is proposed and its parameters were derived from counterpoise (CP) computations on methanol dimers. This CP model can then be added to the DFT energy in subsequent MD simulations.
We confirmed that an exponential decaying functional form for the CP model works well.
Because the counterpoise correction correlates stronger with the O-H t distance, as compared to the O-H m distance, the final form of the CP model is only based on O-H t distances. Upon introduction of the correction, the errors on the heights of the first peak of the relevant O-H t and H t -H t RDFs are reduced to 0.4% and 1%, respectively. A small shift of the peak position compared to experiment is still observed, which could be due to the added repulsive interaction of the CP model and the limitations of the BLYP functional.
We focused on hydrogen bridges in methanol by applying the CP model to the intermolecular interaction between the oxygen and the hydroxyl hydrogen, but the results should be extendable to other types of interaction where BSSE is important. However, including more interaction terms in the CP model complicates the optimization of the parameters because of the inherent parameter correlation and ill-conditioning of the set of equations that needs to be solved. It needs furthermore to be tested in how far the CP model is transferable to other protic solvents.
In this paper we concentrated on the effect of BSSE, and correcting for it, on a structural quantity. It would be highly valuable to obtain similar information for other quantities as well, e.g. dynamical properties such as the diffusion coefficient, or vibrational spectra. This way, it would be possible to obtain a complete picture of the influence of BSSE on molecular dynamics simulations that makes use of localized basis sets. 
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